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ABSTRACT

Considerable discussion and debate have been devoted
to the extent and nature of structural or¥fuactional. correspondence
between internal representations and their external visual
counterparts. An analogue representation or process ig one in which
the relational structure of external events is preserved in the ;
corresponding internal representations. A great deal of experimental “
evidence purporting to demonstrate the existence of analogue internal
representations and processes has accumulated during the past decada.
These experimental efforts have the use of a powerful psychophysical
technique--mental chronometry-—in common, thus permitting inferences
about internal mental events and processes from purely observable
data. However, analogue models for visual/spatial representations and
transformations have recently been challanged on both empirical and
theoretical grounds. The empirical challunges can be shown to be
inconclusive, and further experimental work is needed to resolve
inconsistencies. The theoretical challenges have taken the form of
proposing nonanalogue models that may account for at laast some of
the findings generally regarded as supporting the need for positing
analogue representations and transformations. An izternal process can
gualify as analogue if it can be shown that the intermediate Stage in
the processing has a one-to-one relation to the intermediate Stage of
the corresponding external process. Conceived in this fashion, the
nature of analogue representations can be assessed in behavioral
experiments that have the potential of elucidating the way in which
?entgl processes simulate or model external operations and events.
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Abstract .
In this paver, the possibilicy of an;logun internal tePresentations of

shatial oblects and ceransformstions is discusSed and evaluated. 4
L

5

.definieion of an analogue process 15 Proviled, based on correspondences

between {intermediate stages in external spatial transformarions and
fnrermediate grates of thelr fnternal ot represented bounternarts.
PsychoPhysical evidence, primarily chromometric in nature, i5 Presented
in favor of this position. The exPeriments discussed are of two basic
sorts, Iln one, functional similaritles between the time Cgurse of
exte.nil spatial transformations and .nternal simulations of these
transformat ions are demonstrated. In the other, the aature of intarnal
transfotmacions 1s evaluated by erobing thg oprocess at various
space/time pcints along ghe transformacional Frajectory. Alrernative
accounts of these experimental findinks == based on mode's involving
discrete symbol manipulation == are presented, as are additional
emoirical findings which zPPear to cast doubt on the anslogue account.
Potential methods for discrimlnating bewween these two Classes of medels
are proposed, and * 12 ragk~dependent nature of internal sparfal
redresentations and operations 1s emnhasized: Finally, opoustbl2

-

parallels betwean the nhenoﬁena described above and more Purely
perceptual situatlions are Buggested. The Perceftur] tasks considered
include ones in whieh visually opresented transformation® of displays

laust  be extrapol;ted internally and also varlanta of aPparent motion

paradigms.
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ANALNGUE REPRESENTATIONS OF SPATIAL OBJECTS AND TRANSFORMATIONS

1

"

Questions econcernliag.the pature of the internal rePregentation or

+
+

énded Enrm of wvlgual/snattal informatfion have been Prominent fn the
growing field of cognitive science. In Particular, considerable
discussion and debate have centered around lssves of the extent and the
nature Jf structural an&for functionzl correspondences between internal
rePreasentazions and thelr external vlsuai countertarts. In this paper\
evidence both Ffor ‘and ;gainst analogue representations of spgeial
objects aund. trensformations oill be Dresented and evaluated. Following
. Shepard, Coofer and I:h:lr co—workers (Cooper, 1976; CooPer & Shepan‘i, )
19783  Shepard, 1981; Shepara &.Cooner, 1982), a distincrion hetween
Manalogue™  representations énd. processes an?t nonanalogue”

rePresentations and orocesses ojfll he dvawn in the followin, way: An

analogue rePresentatisn or urocess 18 one 1n which the relatlonal

. structure ©f ex-ernal events i8S Preserved in the corresPonding internal

representations. A non-analogue representation or process 1s one for
which this 1; not the case. Note that thl: distinction LnCorporates a
relativhlv weak criterion for the dmnanstraélon‘of the existence of an
snalogue Process or rePresentation. Strict continuity of an internal
process 1s not redulred, nor 19 a "first~order” isomorphlsm between the
structure of an Internal rePresentation and the structure of an external.
object of event. Furthermore. "o stand has been taken on the <Question
of the neural mecrhanisms that might underli? analogue representations

&
and processes.

i
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it {s argusd below -- {n the context of particular exDeriﬁQPtal
findings == that to Qualify as an analogué process or rePresentation:\lQJ
must demomstrate thalL the 1n;;rnal process Or repreésentation goes\\\
through an ordered geries of intormediate states that have a one~to-one \\\\\
relstionship Lo t%e intermediate stages {n the corresponding external l
Process or objeé:.l And, th.s one=-to—nne corresPondence need entall only
that the internal process or represeatation allow the {individual
cartrying out such 2 mental trans}ornation to be Particularly prevared
for the presentation of the apPropriate external object at  che

appropriate Jlocation in space, 1if sech an external object were to be

presented.

Conslderable experimental eui@ence purporeing t¢  demonstrate the
existence of analogue internal rePresentations and processes, in the
senge skecched aboée3 has accumulated during the past decade. These
experimental efforts have in common the yse of a powerful ps¥choPhysical
téchniGue = mental chronometry - permicting }nferences abour fnternal, .
mental events and procesées f[rom Purely obgiruable ﬁehauioral data. qu
general idea underlying the use of chronoaetric weasures ig Chat the _j

. ‘ .

time required to solve a visyal/eParial problem == when considered in |
relation to specified, messurable properties of test stimeli == can
provide 1;formatlon that places significant constraints on Possible —
_internal represencations and processes used to solve "the problem. " 1In
much ©of the relevant research, the amount of time needed To determine
whether two visual objects are {dentical in shape or different (e.g.,
mirror 1imgges) has been found to dePend aYitematfeallY on the exctent of
sPatial difference between the oriencations of the two objects, n cthe

bagis of a oattern such as thig, £t can be argued thar the unde;lying

fnterual rePresentationd and processes musc be of a clags that would

L
et
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. produce. the appropriate orderly Telationship between snlutfon time and

extent of spatial distlacement.

In a ceminal experiment, ShePard and Metzler (1971) asked subjects

to determine as rapldly as possible whether two simultanegusly-displayed

- pergpective dravings of ;hree—dimenstonal objects were the same in shape
- ot wlrr?r images of esch othet» In addition to a Pousible difference in
shape, the ovjects could also differ in POrtrayed orientation, either In
the ' ricture l'{,lane or about sn arbitrsry exis in depth. The resulcs of
this experiment yare clear snd striking. Both for the group data gpd at
the level of individual observers the time required to‘i%terarne that
the two portra¥Yed objects were the samé¢ in ghaPe increased in a
( renarkablv linear fashion with increasés in oort;ayed angular difference
between the orientations 0f the objects, Furthermore, borth the slope

and the dntercept of the linear time functions were roughly equal for

% both picture~plsne and depth angulsr differences., This central and
elegant finding led the invesziqators to avggest that the task ¥as
Performed by "wentally rotating"” an interusl representation of one

object into congruence with the orientation of the other Obje;t and then
coaParing thl twe representations for a ugtch or migmatch in shape,

R This ercesi of mentsl roéstlun == which ShePard and Metzler conceivéd

of as an anaiogue of an external rotation ~- aPPeared po haue an average

limiting rage of about 60 degrees per second fof these dubjectd and

these particdlar visual materisis.

This orderly ligear relationship between responge time and extent

L]

. 1
of angular displacement 'has been well documented for 2 variety of uisual
stimulf end pagk modificactions. For examnle, linear #response-tice

Functions haue been obtainey wrin a g;ngle.rotated stimulus must be

Q | ' 7 .
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! . Page 6
comPared with a canonicaily oriented pattern 1n memory (CooPer, 1975;
Cooner &‘ Shepard, 1973), Similar funcglons have been found when
alPhanumeric  characters (Coober & ShePard, 1973) or :andon
two-dimensional pol,gons {Cooper, 197%) are used as stimulus marertals,
This same orderly relarionshiP has been obtained when rotations (ust be
carried out before the Presentatlon of a test shape, [n order to PrePare
for its appearance in a gpectfied orientation (Cooper, 1973; Cooper &
Shevard; 1973). It is also found when rotations are ¢ombined with
additional spatial cransformations {(Kubovy & Podgorny, 1981) and when
the “same-different” discriminacion is altered ,to {nclude subtly
different dl;tractors. 48 well as mirror imeRes, as test stimull (CooPer

& Podgorawy, 1976). {Reviews of these and other srud{es of menral

rotation can be found in (Shepard & CooPer, 1982) and (Cooper & Shevard,

1978).
> N L] ‘ *
The host of experiments demvastrating 3 linear ralacionship béfueen
| time and Portrayed difference in the orientations of visual ohject&f a8

consistently heen 1interPreted as Providing evidence for anhaloghe
rePresentation Of sparial oblects and spatfal cransformstions. This 18,

5
because phe linearity indireccly fulfills the chief criterion for an i

4

1

analogue Process -- viZ., a correspondence between inrernal and external

. ¢

re%ational sttuctures and tranafor;atlonal distance and time suggestd

th;t the internal process usea to solve rotation Problems Passes through

a trajecg&ry of {intermediate states which have & one-to—one
correspondence to phe intermediate stages in the rotation of ‘an external
"object. That is, the linear reaction—time Function Llndicates that Ethe

time reauif;d te comrarz two wvisus'® srimull Presented at two

- sufficiently different Orientations A and C is an additive combination

of the timea needed Lo comPare thase stimuli ac orfentations A and B and

' ERIC 8
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At orientations B and C. Shepard, Cooper and theiv collaborators have
arfued that such 4 finding constitutes indlrect evidence for the claim
that rhe ipternal protess underl¥ing comParison of the vlsual stiﬁull
presented 1in orientations A and C passes through an tntermedfhte state
corresPond ng to grientation B {Cooper, 1973, 1974} ‘sooDer & Podgorny,
1976; Co9per & ShePard, 1973, s978; Shepard, 1981; Shepard & Cooper,

1962; Shepard & Metzler, 1971).

More direct experinenta’ demonstrations of the analokue nature of
mental Totation have been bprovided by CooPer 4nd Shkepard (1973,
Experiment I1) and by Cooper {1976). These experiments are powerful in
that , they show  the reéuired one=to-one corresﬂfnden:: Setueen
intermediatce ﬂtfges in an external Tota_.on and intermediate States of
an finternal DProcess in the specific sense.of an individual engaged in
the mental rotation bheing especially ready to respond accurdtelY apd

racidly to the Appearance of an external test stimutus that f{g¢ Presented

At fust phe aPptopriate orientatfon in the transformational trajectory.

In ane of these Btudl.le.s, Cooper (1973) faitiallY treined subjects
to discriminate arbitrariiy-defined standard” from "reflected” veraions
of random tyo~dimensional DPOl¥eons al one particular orfentatfon in rhe
pictute Plane. Following the discrimination trailning, individual
pvolygong were Presented at one of six orientat;ons. and subjects were
roquired L0 determine as ravidly as possible wgether esch W% & grandard
or a reglecteo version. feaction time increased linearly with angular
departure of the shzoes from the {canonical) orfentarion at which
training had occurved. As in the carifer Shebard and Merzler {1971)

study, the lineat rtime Function Wwas taken ag indirect evidence that

subjects were mentallY rotarin® the test Polygon into the trained

3




o

Page 8

orientation in arder to achieve the standard-reflected discrimination.
Rotation rates were comouted sSeParatelvy for {individual subjects and

individual stimuli.

In A& subceQuent exPeriment, Cooper (1976) tested the ssme subjects
using the same visual stimuli, dbur modified procedurs, Subjects were
gimply asked to imagine a particular shape from the previagus experiment
rotating from the gsralned orlentatien about a cirele at a "natural”
rate, On the hasis of the data from the .eariler experiment, 1t was
possible ro conbute at what grientation 10 the incernal trangfntmations)
trafectory a glven subject’s (rotating) representation of a given shape
would he at a particular point in time., On half of the trials, a test
shabe was presented at one such “exbected” orfentition a4t  an
unbredictable moment in timer and the subject was required to determine
as rapldlv as possible whether the probe was a standa.d or o reflecced
verslon of the Sha?e being imagined. On the other half of the .rials, a
test Palygon was Dresented 1a an orlentation {nferred not to be
congruent with the orlemnxation of the subject’s (rotating) ln:;rnal

Eeuresentatlon. and the same discrioination was redulred.

The re%ults of this exPeriment were clear and ¢legant. Reaction
times were ghorteat and uniformly raPld when the test share wag
presented 4n rhe orlentation that corresponded t0 the assumed apatial
position of the rotating {nternal representation. This u;s true (a)
regqrdle;g of chf_angular departure of this expected orfentation . from
the initiallv-trained Dpusttion. and (b} even for Intermediste
orientations at which test grimuli had never heen previously Presented

fn the {n{tial experiment. Furthermore, yhep test shapes were Dresented

in unexpected or {incongruent orlentations. reaction times Increased

-

19
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itnear.v with the sngular JeParture of the rest Probe from the {eferred

expected orlentation.

These results are consistent with the notlon that mental rotation
18 an snalogue of 2 PH;SIC*I totation in'the epectflc gense Of the
internal And external Processes having the requ{}ed rejation of
readiness for respond.u% to rhe aPpropriate external object gr the
aPPropriate gtage (n the transformational Ctrajectory. Cnntrast Cthie,
for  e¢xample, with an  f{nternal transformatfon such 85 matrix
sultiplication by vhich & computer might comsite the new coordingtes for
3 roteted systea of points (c.f., Shepard & Cooper, 1982). This process
wouid not qua{if? 8 analogue becsuse the {ntermedfate dAteges N he
celculation would not have 2 one-to*one correspondence with fntermediate
orientatfons., in the sense that the comPirer would not be §n a state of
hejghtened readiness for responding to the presentstion of fntermediate
orientetions »F {nrermediste times.

In addicion to these srudies of mental rotatfon, many oCher
chronogetric ltudfzt have frequently  been 1interPreted as Providing
evidence for analogue {nternsl representationa ?nd Processes. Most
extensive, pertiaps, {s the body of exPerimentel work Produced by Kosslyn
and his co-vorkers. (For a conPrehensive review of this research effort
and & rheorettcal PersPective. see Koaslyn £380.) ‘Intike the mentas
roration experiments, in Kossiyn's experiments bubjects‘ are generslly
instructed to Renerate {nternal resresentations that they would caij
"mantal imaBen” and o use thege TePresentations s a  basls for
Performing a varlety of visual/spatial tasks. A tyblca".‘ﬁ is one
used by Kosslyn {1973) snd Kosslya, Ball and Refser (1978). In these

experiments, sublects were fnstructed to lorm yiguaf imaBes of

1i
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. previouslv vie ed ohiects or apatial laviits {in the cise ol Kosslvo,
1273, nbjects with 4 horitontal ar  vertleal urlentatlan, and in the
cage of Knsalvn, Ball & Redwar, 1974, a4 mad ot 2 tectiensdd isiand
roataining 2 aumher nf "ﬂntléidhle lan laarks), _Thet Wwere t1dn asnked o

.
"men*~1lv focush 0 ane eaqd of 4 particular {nagined abjoct or on oM
landsark Nn the {macined mad, The central exterimenai tuask required
sublerts to viertfy 45 ranidly as possibie whethef a4 ceflidn Droferiv wds
Present on 'the image of the nhject of whwther a ce~taln lindaark Wis
cnntalned .y the 1da,e n! the mun, The chlet manipulition was the
disrance  belwesn the atrended ond nf the obhjuct and the prohed propériy

or the distan~e Pluwven the attended and (b tested locatlons on  the

mal, I )

# To horh «ets of studles, Kosslen (1973 Kosslvn, Ball & Reiser,
197€} found that verficatlon times increased lilnearly with the dlatance
eetween the facussed end of the object or lecation o0 the map and the
Properr or landmatk that was tested, This function relating

sveriflcatlan time to extent nf spatlal disvance fs5 oPen to  an
Interprebation similar tn tﬁat made on the hasis ol the data trom the
mental retatfon experiaenrs disceased above. That 1s, fust a§ the
linvar relationshiP hetween Teaction Cime and  angelat ditlerencea

betuween two visnyl nblecte provides Indirect evidencs ior 1

-
[y

correspondence betwee' internediate Inte¥na]l processing gqtates and
intermediate exterusi onrientatinns, se too the linear relationship
Yetween veriflcition ‘and distance May syReest Lthat an  internal
representatlon of apace ==~ when subjected to the transforuaticn of
seacning -~ has a structural corredpondence to the eoxternal depiction nf

distance between nbjects AT draperties which Is required of an analoBue
L]

rePregentation.

El{lC ) ' akr o .
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Chronometric data of the sort reviewed above have been interpreted
by many ag Providing evidence for analogue representation and Processlng
of visual/sPatial informavion; houwever, this 1interPretation has heen
challenged by yarious lnvestlgators'on borh theoretical and empirical
grounds, One fotm of the chailenge has consisted of Presenting
exparimental results that appear to infirm the notion of analogue
representation snd processing of visual information. , Another -tyPe of
challenge has centered atound the developDent of alternative,
nonanalogue geceounts of ghe internal reDresentstlodsland processes that
could underlie the relevant chroncmetric indings. These two sorts of

obJections are discussed below in tutn.

One aet of exPerimental finaings that has refined the account of
the nature of the representations and Processes involved in mental
ratation and which, to gome extent, has questioned the anélogue
interPretation favored by Shepard, CooPer, and rheir co-workers {Cooper,
1975, 1976; Coober & Podgorny, 1976; Cooper & Shepard, #973, 19783
Shepard, 1981; Shepard & Coober, 1982; Shepzrd & Merzler, 19‘71‘) has
come from the work of Carpenter and Just (1976, 1974), Thesé
investigators have mfasured not only the time required to compare the
shaPes of two disnriented visual oblects, bur also rhe wPattern and
duration of eve firstions that sublects produce yhlle making the
comparison. Thelr anal¥sis of eYe fixatfons sSuggests that three
comPtnent operations are carrisd out in achieving comparisons between
vigual flgures-11ke those yged by ShePard and Metzler {1971). The first
oPeration . is or: .of gearch, in which parts of the two figures that
potentially corresbond :é gach ot“wr are tocated, The second operation
is one of transfornatlo.fand comParison, in yhich cotresponding segments

of the figures are mentaﬁ!y rotated and sequentiallY compared, The

13
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third operation 18 one of confimmation, tn which other pares of the
figuias are compared in order to determine "hether they are congtuect as

a2 resulr of the mental rotation.

The theoreticzl account that these {iavestigators offer ol the basis
of both thefr chronometric and cthelr eve fixation data is slightly
different from the analogue account offered by Shepard 2and Cooper
(Cooper, 1975, 1976; Coover & Podgorny, 1976; Coover & Shepard, 1973,
1978; Shepard, 19815 shepard & Coover, 19827 Shevard & Metzler, 1971)
in two resPects. First, Carpenter and Just (1976, 1978) suggest that
rotatlons are carried out s€quentially, on individual segments of visual
obJects, rather than on an Integrated, holistic internal revresencation
which we might expect of an analogue process. Second, their eve
fixatlion analysls has led them to SugRest phat the rotatlon oPeration
operates 00 these porticas of visuazi figures in discrete steps of about
50 degrees. This view, vhile eophasizing the posaibilityY that rotations
naY be performed on discrete parts of wigsual represeatacions 1n digcrete
steps, 1s still consistent wich the criterion fOI"an analogue process
outlined in (Conper, 1975, 19763 Coorer & Podgorny, 19767 Cooper &
Shepard, 1973, 1978; Shepard, }981: Shepat. % Coover, 1942% Shepard &
Mertier, 1971). For, during » mental rotation of, e.g., 1530 degrees,
the {nternal process passes through Intermediate srages Correspording to

tnternedlate external orientatlions of 50 degrees and 100 degrecs,

A second set of expérimental ftndings rhar chalienges the analogue
account of mental rotation has been DPresented by PYlyshyn (1979),
PYlyshyn has argued elgevhere (1981) that to qualtfy =es analogue, an
internal process muat not be capabie of being shown to be "cognttively

penetrable.” What this neans, 1n essence, 1s that 1f phe oPeEratlion of 2

14 .




Page 11

coﬁ#ltive process <¢an be showm to  be jnfluenced by goals, bellefs,
knnwledge, or other external factors, then that Process 1is  cognltively
peaetrahle and her @ cannot te regarded as a priaitive,
knowledge-indePendent process., Pvlyshyn (1979, 198i) further argues
thdt to qualify as analogue a representation or 24 Process muge exhlbdir 2
lack of penetrabiliry, For, if an faternal D;oces; can be influenced by
! knowledge or other symbolic factors, then that oprocess and the
nature, '
%

Pylvshyn (1979, 1981) has attempted to Show that so-callel analogue
Processea éLch as gental rotation ({Cooper, 1975, 1976; Cooper &
Shepard, I9?E:3, 198.'?; Shepard, 1981; Shepard & CooPer, 1982; Shepard &
Merzler, Ié?l) and mental scanalng (Kesslyn, 1973, 1980; Kasslyn, Ball
& Reijser, 1?78) are cognitlvely openetrable in two ways. Flrst, he hag
Presented ‘;xngrinnntal eldence vputatively demonstratlng that factors
such as sc{;ulun structure and practice can gffect the rate of these
mental Processes. Secand, he has suggested cthat }he response=t {me
patterns that have commonly been taken @s subport for analnBue processes
and rebresentations may better be accounted for by avpealing to
subjects® "racir knowledge”™ of the demands of the experlmental
sttuation, By “tacle knowledge™ Pylyshyn (1981) refers to the notjon
thar subjects have knowledge of the pature of physlcal transformariQns

and, further, interPret the experlmental sitvatlon as iaviting the

sinulation of what they know the aPPropriste dhysical cransfotmation to

be,
15
Q

repredentatlons on which It overates aust themselves by symbolle in

- M
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£ +’
The experiments in which Mlvshyn (1979) has arvempted to show
cognitive penetrability are ones that required sublects to deteraine as

rapidly as possible whether or not A test probe rresented

slmultanecasly wieth A&  visual figure and 1in varipus different ’

5

orientations on different rrialg. was a part af the figure. A4s In otper
mental rotation experiments, Pylyshyn found that reaction time for the

part=verification task tinCreased a3 the angular Jdifference 1n the

-

orlentations of the figure and tne parr increased, However, the
"goodness" or coherence of the rest Probes as parts of the figures =--
which was the chief experimental manipulation -~ ptodured variations in
the slopes of chege resction-time functions. indicating that more
strutturally coherent parts could be mentally rotated gore rapidly than
less coherent Pdres. From thegg data, Pylyshyn concluded that since
mental rorzcion raté can be ln:’:enced by aspects of stioulus structure,

tr 18 a cognltively vrenetrable, and hence nonamalogue, orocese.

Whether or not one accepts Pylyshyn’s criterion of nonpenetrability

38 & condltion for an analogue procegs, his conclusions should
nonetheless be viewed with caution {cf., Shepsrd & (ooPer, 1982, Chapter

8). The aethod of stimulus Presentation and the judgment required of

. the subject were sufficiently different from those used in other studies
of mental rotation {(Cooper, 1975, 19765 Cooper & Podgorny, 1976:
CooPer & Shepard, 197%, 1978; Shepard. 1981, Shepard & Cooper, 1982;
Shepard & Metzler, 1971) ro question the coméarabllity of the
exPerinental findings. fﬁrthermore.‘the Pracessing time meagured by
Pylyshyn i{nciuded components other tham rotation —- such as encoding and

. comparison of the flgures and fhe parts ~= uﬂf!h thenselves coul; have
Produced the resction-time dtfferences assoclated with parc "goodness.”

Nonetteless, while Pylyshyn's experiment 13 gqotr contlusive, exPlorstion
1 .

&
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of rthe influence of garimulus and Judgmental factors on the rate of
operations like rotatiovn and scanning seem; a fruttful avenue. to pursie.
The resules of such exPériments may yet Drove, -and, {n the case o% one
study discussed below (Cooper & Podgorny, 1976) alread§ have proved to

be theoretically idcisive. ‘ '

Pylyahyn's (1981} gecond attempt to invoke cofnitive Dpenetrability
fhas fnvolved arguing that sub}ects use facit kiowledge of the nature of
physical transformations in making che timed judgments requiced in
mental rotation and mental scanning expe}lments. Hence, the linear
reaction-time data do not necessarily reflect the operation of an
internal analogue procesk; rather, these data may reflect notting more
than subjects” beliefs about the time course of ph¥sical oPerations’
coubled with 2 desire €0 conform to the imPlicit demands of the
exPerimental situation. This i3 a difficuir argument 0 evaluate since
tntrospective evidence =ight not reveal the use oﬁ guc “racic”
knowledge, In the ahsence of a conscious strategy on the part of the
sublect. Kosslyn (1981) hes, however, provided a twofold rejoinet to
Pyivehyn’'s argusent Pased on the uge of gacir knowladge, Kosslyn's
criticisme of this position can be summarized 83 follows: First,
resulte consistent with an analogue account cam be obtained inm the
ahgegce of expPlicit instructions to gBenerate ¢isus] images or to engage

in Processes analogous to physical Eransformations. Second, Bubjects.

will sonetimes exhibit, Performance that indicates that thelr internal .

rePresentations of spatial objects and transformations have Properties
similar to thoge found In perceptual experviments and which, further, are
counterintuitive. These results are most likely nor attributable to

tacit beliefs about Physical objects and events.

17
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A gecond line of objection o the wugefulness Of postulating

interna: -analOoRue rePregsentations and processes has prozeeded In a

’ somawhat different direction cthan cthat of the empirical work discussed

O
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above. In essence, it has involved the attempt by varfous Investigators
-~ most notably, Anderson (fo78, 1982) - to produce  discrete,
nonanalogue eystems cChat =mimic Che behavior of analogue systems, and
thus to account for cCertatn ?f the <¢rirical chr6;6;étrlc find{-ge.

Anderson (197B) argues Ffurther that ncnanalogue accounts are to he

preferred on grouvads of Parsimony. That 4s, only one symbolic

representatisnal  system need bhe Postulated to explain the coding and
processing of both linRuistic and spatial iufo.mation. {For a somewhat

modified view, sce anderson, 1982.)

This a difficult argument to evaluate, for as Anderson (1978) shous
formaily, 1ir 45 possible with the proPer set of representarional and
processing assuaptions ro design a nonanalsgue sf;teﬂ that will fndeed
produce nerforma;ce frequently sttribured t¢g an anafogue BYStem.
However, 1N resPonse to this position, two interrelated points Ahuwld be
noted., The firsr = attribu..ble to Kossiyn and Pomerantz (1977) -~ 18
thar certain discrere, Propositional theorles‘may be too Powerful, in
that any .ewxpPirical result wmay be exPlained after the fact, Such
theorfes, though,’ may have insufficlent constraiuts to Predict a
particular experimental outcome in gdvance. In contrast, ;ersions of an
analogue accounr can make rigorous exPeérimental Predictions that Place

serlous consrraints on the nature of the refresentations and ProCesses

underlying certain empirical phenomena.

18
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Consider, for example. the study by Cooper (1976) digcussed above,
in which Points in a hypothesized underlying transformational trajectory
were Probed with test forms ac  apbrovriate temporal {intervals, AN

*

analogue accognku of the rePresentations and Processes tapped in this
equrl;ent aakesﬂ; clear prediction concernink the refarive speed of
”proﬁé-ex;ected" and ‘“'probe-unexpected" trials, The prediction, which
wag donfirmed in the experiment, 9 thet reaction time; should. be rspia

and Ekigtually constant for zll orientations on “probe~expected" trials,

H o
sbut ghould increase with fnc¥easing angular difference between the

w»

O
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Drobéd and che expected orientations on "probe—unexpected” trials,
W e some form of a discrete, propositional model may be able to
accommodate such vesults, there geems little or not Rriorl reason for
such 2 system to behave in the manner described above, Still another
experimental finding thset, wminimally, constrains the class of
nqnaﬁilogue models that can s$count for so-calied analoBue Phenomeny has
been reported by Cooper and fodgorny €1976), Using a restricted set of
visual stimull, chese 1investigators were able to show that the
comPlexity of the stl&ufl had no influence on the rate of genral
rotarion. While this finding may Prove to be highly task, stimulus, and
practice sgpecific, 1t nonetheless i85 cousistent with an analogue
interpretation of the undetlying representations and Procesees and is
handled with dif€iculcy only be certain versions of nonsnslogue accounts

(efs, Andersen, 1978).

% In  summary, then, analoSue modela for visuals/spatial
rePresentations and transformations have recently heen challenged on
both eaPirical anf'theoretlcal grounds., The emPirical challenges can be
shoun te  be 1ncon£§uslve and further experimental work 13 needed to

resolve the inconsiatencies. rThe theoretical challenges have taken the

~

) 13




N Page 18

form of proposing nonahalogﬁs_ﬂodels that may aceount for at leagt some
of the findings generally regarded as supporting the need for positing
analogue rePresentations and transformations. wWhile there appears at
Present o bhe no saqlsfactory way to test alrernative wmodels,
considerstion of an entire body of converging exPerimental findinge may
help to constraln the class_of nodels capable of Providing anc adequste

accounr of visual rePreseurarion and processing.

The ctheoretical account Pprovided chus far of analogue
rrPoesentations and rransformations underscores the similarity between
pefceptual and {maginal oPtrations and codes, e.g., between carrying out
& amental rotatlon aed Percelving an external Shysical rocation. (See
Shebard & ?odgorny, 1978, tor a more comPlete descriftfon of relevant
exPerimental evidence.) After Shepard and Cooper (1982) and Neis;zr
{1976)., the {nternal rePresentation undergoing an analogue wmental
transformation might be viewed as an anticipation for Dercef}ing the
appropriate external oblect in the appropriiate external spatial
location, were it actually to aopear. Glven this theoretical framework,
the question naturally arfses as o whether <orresPondences can be found
betwyeen rhe time course and nature of menral transformations and those

of more stricelY percebrual processes.

One experimentzl paradifim that phas recently been {ntroduced by
Coover and Vallone (1979) explored the question c¢i the continulty
between percelvink transformations on depfctions of objects in sface and
internaliy extraPolating such tramsformations. Their Procedure lnvolves
displaying a line drawving of an ohjeﬁ; under8oing A  spec.fied
transformation f(e.g.. a rifid totation about an axis in the plerure or

plane or 1o depth) a. gpme specified rate. At sume unPredictable moment

:C"‘ ]:l{l‘ic ) a 20 "

.
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during rthe transformation, the object disapPears frowr view, and at some
later and again unpredictable tige the same object reappears at a new
position in the tramsformational trajectary. Tne observer’s task 1s pp
determine whether, or not the sbject has reaPPeared at cthe apPropriate
sPatial laqstion. were 1t ro have continued transforming during the
blank Period, at the rate and in the fashion originally viewed.
Exneriment; using this procedure'have been initiated onlY recently and
results are as yert quite preliminary {Cooper & Vallone, 1979).
Nonetheless, the paradigm appears to have promise for investigating
Suestions concernirg the limiting conditions €or performing mental
gimulations of perceiwved gparial :ransformat{ons in terne of the type
and rate of rh; transforvation, the carrespondence between the rate of
trangformar ion and rate of spatiel rransformations geterally encountered
fn the eavironment, the distidnce along the transformational trajectory
4lopg which the :mental extrapalation occurs, aud the n;ture af the

ob fect deing transformed.

Another experimental situstion. which has b8€n used bv Shederd and
his co~workers (Farreli & Shepard, 1981; *Sﬁtpard & Cooper, 1982;
Shepar! & Judd, 19?62‘ to examine the relatt&hshin between mental
transformations and certain i,sercepl:ual phenomen‘h, pregents ohaervers
with ﬁisual _glsplays showm in tapld alrernation. In an inicial
exnerimlptffghenard and Judd (1976) found that when perspective views of
the same three-dirensional object were shown 2lternately in  Ewo
different orientatl&ns, observers reptorted an lll;slon of tigid rotaticn
of a ~¥npte object under certain conditions. A2 in the cage of the
earlier mental rotaticn exPeriments, using the game visuyal 2isPlaye. the

mintmu® exPOsure tine reluired to preduce coherent apparent rogatioﬁér

motion of a single threa-dimensional object increased linearly with the

21
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#ngulat difference between the porttayed nrientatlons of the two
@ aepatate views. ARain. {n accordance with findi;gs from mental rotation
experiments, the slope ¢f the minimum c¥ele durations, as a function of
angular difference. was ¢quivalent foF rorations in the plctute plane
and in depth. ({Similar results have been nbtained usine rundom polygoas

a8 grieuli vhen those POlygons are asymmetric. Farrell & Shepard, 19481),

One notable differtnce between rhis aPpirent rotatiocnat motion and
the mental wrotation task 18 found 1IN the time necessary Lo Produre 2
percedtual {1luslon of rigid rotation and the time Tequired ro undertake
a purtely imaginal roration of an internal”representation of a vieual
nhject. In the case of cthe former, perceptually=driven Jtype of
traneformation. critical times are on the order of on'¥ hundreds of
ailliseconds whereas in the case of the iatter: efforeful tyne of
vransformation =- in which an internal representation of the spatial
-structure of an object conrinually preserved during the trdnsformational
process -~- times arée on the order of several seconds._ Nonetheless, :he

2

striking similaticies 1n the Parrern of results oblained Iin the two
sltuations have led Sherard (Farell & Shepﬂrd; 19681: Shepard & Cooper,
1982; Shepard & Tudd, 1976) to argue that both he perceptufl and cthe
imaginal cransformations reflect the operation of -aderl¥ing sraiogue

processes anil representations,

In sgummary, this paper lhas presented @ brief and incomplete
overview of experimental evidence rhar arfues for th-: ngcessicy of
positing an analogue system for the representation and processing af
visyal/sparial informarion 1w certain situations, The evidence has <ows
from psychoshysical experiments in which the time couruwe o©F performing

mental tranéfomations of rePresentations ©f visual objects nas been

ERIC T2
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shown Lo corresbond to the time course ©f prrforning analogous physical
transformations om external objects. The level of descriptian at yhich
internzl procecses have been f?aracterlzed as sPangue iz sufficiently
abscrack Lo ?vold s;} Bpetulatlon_ﬂconcernlng underlying neural
mechaniens, Rather, an internal process éan qualify as analogue 4f 1t
csn be ghown thar the jntermediace states in the processing haye a

one~to~one relaticn to the {ptermediate stage of the <correaponding

¥ - “
- external Process. And, thirs one-to-one relacionship is of a behavioral

disposirion or of a readiness to perceive and respond o a particular
exsernsl oblect 1in & Parricular exiernal spatiesl positiom, {f such an
object ware ac:uqlly to be presented. Conceived in chis faahion, the
nature of analegue representstions and transformations can be asaesaed
in behavipral experiments that have the potencial of elucidating the way
in which mental processes simulate or wodel externsl operacions aad

-

eventa.
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